A genomic island consisting of 14 open reading frames, orfA to orfN was previously identified in Pseudomonas aeruginosa strain PAK and shown to be essential for glycosylation of flagellin. DNA microarray hybridization analysis of a number of P. aeruginosa strains from diverse origins showed that this island is polymorphic. PCR and sequence analysis confirmed that many P. aeruginosa strains carry an abbreviated version of the island (short island) in which orfD, -E and -H are polymorphic and orfI, -J, -K, -L, and -M are absent. To ascertain whether there was a relationship between the inheritance of the short island and specific flagellin sequence variants, complete or partial nucleotide sequences of flagellin genes from 24 a-type P. aeruginosa strains were determined. Two distinct flagellin subtypes, designated A1 and A2, were apparent. Strains with the complete 14-gene island (long island) were almost exclusively of the A1 type, whereas strains carrying the short island were associated with both A1-and A2-type flagellins. These findings indicate that P. aeruginosa possesses a relatively low number of distinct flagellin types and probably has the capacity to further diversify this antigenic surface protein by glycosylation.
A genomic island consisting of 14 open reading frames, orfA to orfN was previously identified in Pseudomonas aeruginosa strain PAK and shown to be essential for glycosylation of flagellin. DNA microarray hybridization analysis of a number of P. aeruginosa strains from diverse origins showed that this island is polymorphic. PCR and sequence analysis confirmed that many P. aeruginosa strains carry an abbreviated version of the island (short island) in which orfD, -E and -H are polymorphic and orfI, -J, -K, -L, and -M are absent. To ascertain whether there was a relationship between the inheritance of the short island and specific flagellin sequence variants, complete or partial nucleotide sequences of flagellin genes from 24 a-type P. aeruginosa strains were determined. Two distinct flagellin subtypes, designated A1 and A2, were apparent. Strains with the complete 14-gene island (long island) were almost exclusively of the A1 type, whereas strains carrying the short island were associated with both A1-and A2-type flagellins. These findings indicate that P. aeruginosa possesses a relatively low number of distinct flagellin types and probably has the capacity to further diversify this antigenic surface protein by glycosylation.
Pseudomonas aeruginosa is a motile opportunistic Gramnegative bacterium that possesses a single polar flagellum. The flagellum of this organism is structurally similar to those of other Gram-negative bacteria and contains a relatively complex basal body and hook structure attached to a filament primarily consisting of the assembled flagellin subunit protein.
Although the role of flagellar motility in virulence of many pathogenic microorganisms including P. aeruginosa has been well established (9, 18, 19) , the recent discovery that flagellin is one of the most potent stimuli of the host innate immune response gives added significance to the expression of flagella in the context of infection. Flagellin-based signaling in a variety of cells is mediated by Toll-like receptor 5 (11) , and in P. aeruginosa, it has been shown to be more potent than Pseudomonas lipopolysaccharide (17) .
The flagellin proteins of P. aeruginosa can be classified as a-type or b-type, based on their reactions with specific polyclonal antibodies and their molecular weights (1, 2, 16) . The a-type flagellins are reported to be heterologous and have variable molecular masses ranging from 45 to 52 kDa, whereas b-type flagellins are essentially conserved in sequence and have an almost invariant molecular mass of 53 kDa. However, between the two types, the N-and C-terminal domains are conserved while the central domain of the a-type is said to be hypervariable, leading to antigenic or serological variations (21, 29) . The a-type flagellins have been further classified into several subtypes based on their H-antigenic components (2), nucleotide sequence variations (23), or restriction fragment length polymorphisms (20) .
Totten and Lory first noted anomalous migration and heterogeneity of the a-type flagellins during sodium dodecyl sulfate-polyacrylamide gel electrophoresis that did not correspond to the predicted molecular mass (27) . Similar discrepancies in the electrophoretic mobility of flagellins in several other bacteria, including Campylobacter coli (6) , Campylobacter jejuni (26) , and Helicobacter felis (14) , have been also observed. These mass discrepancies have now been shown to be due to glycosylation of the proteins. Brimer and Montie (5) first demonstrated that the flagellins of some a-type P. aeruginosa strains were glycosylated. The genetic basis of this observation was recently demonstrated by the identification of a cluster of 14 genes localized on a glycosylation island (GI) found in a P. aeruginosa strain (PAK) that expresses the a-type flagellins (3) .
However, other laboratories as well as ours have observed a wide range of apparent molecular weights for a-type flagellins (5; S. K. Arora, unpublished data), whose bases were unknown. Theoretically, this could be due to variability in protein sequence, since a-type flagellins have been reported to have variable molecular masses and/or differences in the extent of glycosylation. To understand the basis of this variability and its clinical significance, we analyzed the sequences of the GIs and flagellins of P. aeruginosa strains isolated from diverse sources. We report that the GIs of P. aeruginosa strains, which possesss a-type flagellins, are polymorphic. A number of the P. aeruginosa strains that were analyzed lack approximately 5.4 kb of DNA in their GIs. In addition, sequencing of variable domains of flagellins from 24 different P. aeruginosa strains led to the conclusion that the a-type flagellins can be divided into two major subtypes, which we call A1 and A2 based on their amino acid sequences. This apparent limited structural repertoire is then possibly modified by glycosylation through the expression of enzymes encoded in one of the two different flagellin GIs.
MATERIALS AND METHODS
Bacterial strains, plasmids, and primers. The 100 P. aeruginosa isolates from common human infections were randomly selected from R. Jones' collection of P. aeruginosa strains that were utilized in the Global SENTRY Antimicrobial Surveillance Program. Each of these strains was isolated from individual patients. Some of the isolates used in this study and the plasmids and primers used in this study are listed in Table 1 .
DNA microarray analysis. Chromosomal DNA hybridizations were preformed as previously described by using GeneChip P. aeruginosa genome arrays (Affymetrix) (31) . Hybridization intensity data were extracted from the scanned array images, and the presence or absence of each gene was determined based on the detection P value (␣) generated by the Affymetrix Microarray Suite software, version 5.0. P value cutoffs were determined empirically based on the results obtained from hybridization of strain PAO1 DNA to the microarray. Probe sets with hybridization P values less than 0.01 were called present (black). Probe sets with hybridization P values greater than 0.04 were designated absent (light gray). Values between 0.01 and 0.04 were designated uncertain (darker gray).
PCR amplification and plasmid constructions. PCR was performed by using a two-step method with the TaqPlus Long PCR system (Stratagene). In brief, 35 cycles of 95°C for 30 s and 70°C for variable lengths of time (3 to 8 min) were run. A final extension of 10 min at 72°C was done followed by holding the temperature at 4°C. The nucleotide sequences of various primers used in this study are given in Table 1 . Specifically, primer pair RER142-RER144 was used for amplifying the GI from different P. aeruginosa strains. Primer pair RER142-RER172 was used to amplify the 3-kb region of P. aeruginosa strain CF5, which appeared identical to P. aeruginosa strain PAK on the DNA microarray analysis. This PCR product contained orfHI and part of orfJ. Similarly, a 3.68-kb PCR product was obtained by using primer pair RER171-RER144 and the DNA template from strain CF5. This PCR product contained orfK, -L, and -M and incomplete orfJ and -N. Both the above PCR products were gel purified and were directly utilized for sequencing part of the GI of P. aeruginosa strain CF5. Primer pairs AV1-RER190 and RER166-RER167 were used for amplifying 6.4-kb (containing orfA, -B, -C, -D, -E, -F, and -G) and 5.1-kb (containing orfH and -N) DNA fragments spanning the complete GI of P. aeruginosa strain JJ692. These PCR products were cloned into the TA cloning vector PCR2.1-TOPO (Invitrogen), resulting in the construction of plasmids PCR2.1AV1190 and PCR2.15kb⌬GI, which were utilized for sequencing the complete GI of P. aeruginosa strain JJ692. For cloning these PCR products, 5 U of Taq polymerase was added per reaction mixture at the completion of the PCR to add additional A's which are normally removed by the proofreading activity of PFU polymerase in the TaqPlus Long system. This reaction was carried out at 72°C for 20 min. The treated PCR products were then directly used in the clonings. For amplifying the complete flagellin genes from different P. aeruginosa strains, primer pair RER150-RER170 was used and the PCR products carrying flagellins were used directly for sequencing after gel purification. Primer RER154 was used for sequencing partial flagellins from additional P. aeruginosa strains.
Sequencing. DNA sequencing was performed by using Taq DyeDeoxy Terminator and Dye Primer Cycle Sequencing protocols developed by Applied Biosystems (Perkin-Elmer Corp., Foster City, Calif.). Fluorescently labeled dideoxynucleotides and primers were used, respectively. The labeled extension products were analyzed on an Applied Biosystems model 373A DNA sequencer. Single-or double-stranded sequences were aligned and assembled by using programs in the Sequencer software package (Gene Codes Corp., Ann Arbor, Mich.).
Nucleotide sequence accession number. The GenBank accession numbers for the nucleotide sequences of the complete flagellin genes from 6 P. aeruginosa strains were AY275674 to AY275679, accession numbers for sequences of partial central regions of flagellins from 18 P. aeruginosa strains were AY278531 to AY278547, and accession numbers for sequences for the complete or partial GIs of strains JJ692 and CF5 were AY280452 and AY280453, respectively.
RESULTS
Western blot analysis of P. aeruginosa strains of diverse origins. P. aeruginosa strains isolated from cystic fibrosis (CF) patients, urinary tract infections (UTI), and the blood of patients infected with P. aeruginosa were analyzed by Western blotting to assess the apparent size of their flagellins and possible extent of glycosylation of their flagellins. As shown in Fig.  1 , the b-type flagellins of P. aeruginosa strains X24509 and UDL migrated as a sharp band of approximately 53 kDa while a-type flagellins displayed a range of apparent molecular weights which could be attributed to the variability of their flagellin sequences and/or to the extents of glycosylation. Strain CF5 did not show any immunoreactive flagellin band, consistent with the observation that it was nonmotile, as has been observed with many CF strains. To explore the abovementioned possibilities, these P. aeruginosa strains were further analyzed by DNA microarrays, PCR, and DNA sequencing of selected flagellins and GIs.
DNA microarray analysis of the GIs in different P. aeruginosa strains. The genome content of a diverse panel of P. aeruginosa strains was recently examined (31) by using a wholegenome DNA microarray based on the sequenced genome of strain PAO1. This study identified a remarkably high level of conservation of genes, including virulence factors, among all isolates examined. The microarray used in this study also included probes for the sequenced GI identified in strain PAK; however, hybridization to probes for GI genes was not examined, as the island is not present in strain PAO1. We have reanalyzed the chromosomal DNA hybridization data for the set of strains that were studied by Western blotting and found that the GIs of these P. aeruginosa strains demonstrated a considerable degree of polymorphism (Fig. 2) . Strains of the b-type, including PAO1, apparently lacked the entire GI while a-type strains had complete or partial islands. Those with partial islands showed no hybridization with probes from orfH, -I, -J, -K, -L, and -M. In addition, orfD and orfK were designated uncertain in some strains based on their P values. Comparison of the b-type P. aeruginosa strain PAO1 genome sequence with the PAK GI sequence had previously shown that PAO1 had an open reading frame (ORF) homologous to the orfN of the PAK GI (3), but the level of homology was too low for it to be detected by the DNA microarray hybridization with the orfNspecific probes.
PCR analysis of the polymorphic GIs of P. aeruginosa strains. The above results suggested either that a deletion exists between orfH and orfM in certain strains or that the genes spanning this region are polymorphic at the nucleotide sequence level. We explored these possibilities by PCR analysis of a number of P. aeruginosa strains. Two primers (RER142 and RER144) were designed by using the sequence from the GI of strain PAK to amplify a piece of DNA spanning orfH, -I, -J, -K, -L, and -M of strain PAK and other a-type strains used in the DNA microarray analysis. Consistent with the DNA microarray data, all the a-type strains which did not hybridize with orfH, -I, -J, -K, -L, and -M-specific probes from strain PAK generated a 1.4-kb PCR product, as opposed to the strains carrying the complete island, which gave a 6.8-kb PCR product, as expected. These results indicate that there was a deletion of approximately 5.4 kb in the GI of some P. aeruginosa strains, consistent with the existence of a shorter GI in P. aeruginosa (Fig. 3) . Furthermore, since all the P. aeruginosa strains with the short GI generated a PCR product of the same size (1.4 kb), the observation of hybridizing sequences similar to orfK (Fig. 2) in strain U2504 suggests that a DNA segment with homology to orfK in this strain must be located elsewhere on its chromosome and a similar scenario is possible in strain PAO1.
Next, we addressed the question of whether P. aeruginosa strains of any specific clinical origin preferably had this deletion. To answer this question, we analyzed a total of 100 a-type P. aeruginosa isolates from some of the most common human sites of infection by PCR. These strains were isolated from CF patients (38 isolates), UTIs (46 isolates), or the blood of patients infected with P. aeruginosa (16 isolates). We found that 70% of the UTI isolates and 56% of the blood isolates had the short GI while only 47% of the CF isolates had the short GI. Whether the differences noted provide some advantage for urinary tract strains is a matter for further work.
Nucleotide sequence of GIs of P. aeruginosa strains JJ692 and CF5. To confirm the DNA microarray hybridization results and PCR analysis, we determined either partial or complete nucleotide sequences of the GIs of two P. aeruginosa strains, CF5, which appeared identical to strain PAK by DNA microarray hybridization and PCR data, and strain JJ692, which showed a deletion of approximately 5.4 kb in the GI. In the case of strain CF5, a 6.8-kb DNA fragment carrying orfH, -I, -J, -K, -L, and -M was sequenced. This DNA fragment spanned the area where some P. aeruginosa strains had a deletion based on the DNA microarray and PCR data (Fig. 3) . As shown in Table 2 , orfH, -I, -J, -K, -L, and -M of CF5 were nearly identical to their corresponding homologs in PAK. In contrast, considerable polymorphism was observed in the short-island sequence of strain JJ692 compared to PAK, specifically in orfD and orfH (Table 2 ). Based on the DNA microarray hybridization data for JJ692, orfH was called absent while orfD was designated present. Sequencing data showed that both of the ORFs were actually present but polymorphic to different degrees, as shown in Table 2 . In general, this result indicates that hybridization detection is very stringent and that the lack of hybridization signal can mean that a gene is either absent or polymorphic. On the other hand, hybridization of orfE was read as present, but sequencing data showed that it was prematurely terminated at 30 amino acids due to the deletion of a nucleotide resulting in a frameshift. Partial sequencing of orfE in another P. aeruginosa strain (X13273) containing a short GI showed that this strain did not have the frameshift in orfE, thus suggesting that the frameshift in orfE is not a general characteristic of P. aeruginosa strains carrying a short GI.
The limitation of the microarray analysis was also demonstrated by orfH, which was read as absent from all strains with a short island but in fact was detected by PCR and sequence analysis. Comparison of its sequence from strains PAK and JJ692 showed extensive divergence, explaining poor hybridization to the corresponding probes on the microarray. To confirm this difference in the two types of GI, we determined the nucleotide sequence of orfH from another P. aeruginosa strain (X13273), whose GI appeared to be identical to JJ692 based on the DNA microarray data. The two nucleotide sequences were 99.4% identical (data not shown), suggesting that other P. aeruginosa strains carrying the short GI probably retained orfH, but the DNA microarray data showed no hybridization due to low levels of homology.
Amino acid sequence of a-type flagellins. To examine whether there was coinheritance of GI type with any specific flagellin sequences, the flagellin genes of 7 P. aeruginosa strains   FIG. 1 . Westren blot analysis of P. aeruginosa strains. Whole-cell lysates from different P. aeruginosa strains were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and were subjected to Western blot analysis with FliC-specific antibodies. These antibodies were raised against purified a-type flagellar preparations, and they cross-react with the b-type flagellins. The flagellin type for each strain is indicated at the bottom of the panel. Lane 1 contained the broad-range prestained molecular weight markers which were purchased from Bio-Rad Laboratories, Richmond, Calif. containing either the complete (long) or short island were PCR amplified, and the nucleotide sequence of the complete flagellin gene was determined. These nucleotide sequences were translated, and the deduced amino acid sequences were aligned by using the PILEUP program from the Genetics Computer Group (GCG) Wisconsin package. Additionally, two more complete a-type flagellin sequences present in the GenBank database were included in this analysis. Two distinct groups could be easily identified based on this analysis (data not shown). A GROWTREE analysis of these sequences was used to generate a phylogenetic tree, clearly showing the two flagellin subtypes as two clusters, which we called A1 and A2 (Fig. 4) . One peculiar strain DSM 1128 was more like the A2 flagellins with respect to the two conserved deletions but was placed between the A1 and A2 clusters because of some similarities with the A1 flagellins (Fig. 5) . The N and C termini of these flagellins were conserved, and the differences in the sequences among the two subtypes were mainly limited to the central variable domain, as reported previously for most P. aeruginosa strains (5, 24) . The variability between the two sequences appeared to be limited; therefore, we determined the sequence of the variable domains of flagellins from an addi- tional 17 a-type strains from diverse sources. A PILEUP alignment of these partial flagellin amino acid sequences from 24 P. aeruginosa strains, two a-type flagellin sequences already present in the databank, and a flagellin sequence from a strain with H-antigen serotype a (obtained from a U.S. investigator) is shown in Fig. 5 . Again, two main subtypes of flagellins were evident. Specifically, there were different amino acid substitutions at several places, as highlighted in Fig. 5 , between the two types, but the main differences were two small deletions of codons for 3 and 4 amino acids, respectively, at positions 254 and 279 relative to the PAK flagellin sequence. A hydrophobicity plot of the PAK (A1) and JJ692 (A2) flagellin amino acid sequences showed no apparent differences (data not shown), suggesting that the two small deletions and several amino acid substitutions in the JJ692 flagellin did not significantly affect its secondary structure.
We then attempted to correlate the inheritance of the short or long islands with A1 or A2 flagellins. However, no strict correlation could be established regarding the coinheritance of A1 or A2 flagellins with the short or long GI. Table 3 shows the distribution of short and long GIs and A1 and A2 flagellins in P. aeruginosa strains of different origins. The P. aeruginosa strains carrying the short GI had either A1 or A2 flagellins without any preferences for either one. But, all the strains carrying the long GI had A1 flagellins, with the exception of one isolate (CF29). The physiological significance of this finding is not clear at present. In addition, there was no preference for A1 or A2 flagellins in CF, UTI, or blood isolates.
DISCUSSION
A genomic island carrying 14 ORFs present in P. aeruginosa strain PAK was previously implicated in the glycosylation of a-type flagellins (3). This island is inserted into a cluster of flagellar genes, and this region of the P. aeruginosa chromosome is highly polymorphic. Here we report further the presence of additional polymorphism within the GIs of P. aeruginosa strains expressing a-type flagellins. Many P. aeruginosa strains possessed a truncated version of the island lacking the downstream orfI, -J, -K, -L, and -M. In addition, orfD, -E, and -H, although present in short GIs, are also polymorphic compared to their homologues in long GIs. There was no strict correlation between site of infection and island type; however, the fraction of strains carrying the short island was higher in UTI isolates than was among CF or blood isolates.
Spencer et al. (25) compared three P. aeruginosa isolates, two from clonal infections of CF patients and one from an aquatic environment, with the genomic sequence of the reference strain PAO1 by shotgun sequencing. They concluded that these strains possessed at least 10% more genetic material than PAO1. They also inferred that their flagellar regions were different from that of PAO1, but no indication of the polymorphisms of the glycosylation region of the two strains that were different from PAO1 was provided. Polymorphism has also been reported in other prokaryotic glycosylation systems, e.g., the pilin glycosylation locus of Neisseria meningitidis expressing class II pili (15) . The biological significance of this polymorphism and genetic diversity is not clear at present, but one may speculate that they may at least affect the immunological recognition of specific epitopes of these proteins. It is, however, possible that the P. aeruginosa strains carrying long or short GIs display different glycan structures on their flagella, which might provide them with survival advantages in different environments.
P. aeruginosa a-type flagellins have been classified into several subtypes based either on their antigenic components (2, 22) or on nucleotide sequence variations (4, 23, 30) . The classification based on nucleotide variations in flagellin has minimal functional implications. An alternative classification scheme based on the amino acid sequences of flagellins may offer some serological specificities not previously recognized as such. Based on the amino acid sequences of flagellins from 24 a-type P. aeruginosa strains, the largest number sequenced to date, we were able to identify two broad subtypes, A1 and A2. Such structural differences of flagellins have been displayed in several other bacteria, including Escherichia coli (28), C. jejuni (10) , and Helicobacter pylori (13) . The mechanism of flagellin polymorphism in C. jejuni was suggested to be both intergenomic and intragenomic recombination (10) . Similar recombination mechanisms may be responsible for flagellin polymorphism in P. aeruginosa.
Further, we explored whether there was any correlation be- tween long or short GI and the coinheritance of A1 or A2 flagellins. As shown in Table 3 , P. aeruginosa strains carrying the short GI had either A1 or A2 flagellins while the strains carrying the long island preferred the A1 flagellin. Although there were significant differences between the amino acid sequences of A1 and A2 flagellins, it seemed that these variations had no significant effect on their secondary structure. These data are consistent with the results of previous analyses of aand b-type flagellin structures which showed very similar structural characteristics in spite of 37 to 38% divergence at the amino acid level (24) , suggesting a very low impact of sequence diversity on secondary and tertiary structure of P. aeruginosa flagellins. With this minimal structural diversity, the host immunological response to A1 and A2 flagellins may not be too different, and therefore, the antigenic diversity among these flagellins may not be too large. Thus, given that there are two main subtypes of a-type flagellins in P. aeruginosa in addition to the b-type flagellin, it may prove feasible to design a more encompassing vaccine candidate against P. aeruginosa, since P. aeruginosa flagellar preparations have been shown to be protective in animals (8, 12) . One such trial began in 1997, and preliminary results showed protection against P. aeruginosa colonization in CF patients (7) . One considerable interest is whether these differences in structure may lead to differences in the response of the innate immune system to flagellin via Toll-like receptor 5 (11) , and it will be important to ascertain this for specific flagellin types as well as different glycosylation types. Further efforts are geared towards answering such vital questions. 
